Abstract A classical paradym of radiation biology asserts that all radiation effects on cells, tissues and organisms are due to the direct action of radiation. However, there has been a recent growth of interest in the indirect actions of radiation including the radiation-induced adaptive response, the bystander effect, low-dose hypersensitivity, and genomic instability, which are specific modes of stress exhibited in response to low-dose/low-dose rate radiation. This review focuses on the radiation-induced bystander effect and the adaptive response, provides a description of the two phenomena, and discusses the contribution of the former to the latter.
Introduction
The risks of detrimental effects from exposure to low-dose radiation are estimated by extrapolating from data obtained after exposure to high-dose radiation, using a linear model without a threshold (ICRP, 1990; NCRP, 1993) . Although this model is used carefully and conservatively, there are concerns about the validity of these low dose risk estimates because a number of findings have accumulated which suggest that living organisms, including human beings, might respond differently to low-dose radiation than they do to high-dose radiation. In other words, findings have accumulated which cannot be explained by the classical "target theory" of radiation biology. Specific cellular mechanisms or effects observed in response to low-dose and/or low-dose rate radiation are the radiation adaptive response, radiation-induced bystander effects, low-dose radio-hypersensitivity, and genomic instability, all of which are considered to be responses involving nontargeted molecules (Waldren, 2004) .
The focus of the present review is on the radiationinduced adaptive response and on the bystander effect. The reduced effect of radiation (e.g. the acquisition of radiation resistance) induced by a priming low radiation dose is called a "radiation-induced adaptive response" and there has been much activity in this area since the 1980s (Olivieri et al., 1984; Sanderson and Morley, 1986; Ikushima, 1987) . There are a number of reports on investigations of "radiation-induction bystander effects" since the 1990s among reports describing cellular responses to low-dose radiation (Nagasawa and Little, 1992; Hickman et al., 1994; Deshpande et al., 1996) . Radiation-induced bystander effects have been defined as effects observed in cells which were not directly traversed by radiation, and which have resulted from some type of communication or signaling between the irradiated cells (target cells) and nearby unirradiated cells (non-target or bystander cells). Such communication is thought to occur through the culture medium or through direct physical connections between cells. Recently, correlations between the radiation-induced adaptive response and bystander effects have been reported. In the present review, we summarize observations of the radiation-induced bystander effect and adaptive responses and discuss the contribution of the former to the latter.
Radiation adaptive responses

What is the radiation adaptive response?
In 1984, the phenomenon, "radiation-induced adaptive response" was coined by Wolff et al. who studied chromosomal aberrations in human lymphocytes after irradiation. They demonstrated that the rate of chromosomal aberrations observed after irradiation with X-rays was less than expected when the cells were labeled with [ 3 H] thymidine (Olivieri et al., 1984) . Subsequently, several reports confirming their findings using different cell system were published (for a review see Kadhim et al., 2004) . Radiation adaptive responses were observed in vitro and in vivo using various endpoints, such as chromosomal aberrations, mutation induction, and radiosensitivity (Cai and Liu, 1990; Yonezawa et al., 1996; Wolff, 1998; Cai, 1999) .
This phenomenon defines a "window" for a priming dose which is the dose required to induce an effective adaptive responses. This range is 0.01 -0.2 Gy with low linear energy transfer (LET) radiation. When the priming dose is over 0.2 Gy, adaptive responses are only barely induced, and when it is over 0.5 Gy, adaptive responses are almost never induced (Feinendegen, 1999) . In experiments using mice, Yonezawa et al. (1996) found the following: (i) adaptive responses were not found when mice were irradiated with less than a 0.025 Gy priming dose; (ii) the acquisition of radioresistance via the adaptive response was observed during a two week period at 2 -2.5 months after irradiation with 0.05 -0.1 Gy used as a priming dose; (iii) adaptive responses were not found again when mice were subsequently irradiated with a 0.15 -0.2 Gy priming dose; and (iv) the adaptive response were observed again 2 weeks after a priming irradiation with 0.3 -0.5 Gy. This phenomenon in mice after low dose irradiation is the so-called "Yonezawa effect".
Radiation adaptive response mechanisms
Although mechanisms responsible for the radiationinduced adaptive response are not fully known, several key findings which help to understand them have been reported. Wolff (1992) showed that the transcription and translation of genes that participate in DNA repair and in cell cycle regulation were required for the adaptive response in human lymphocytes. Boothman et al. (1996) showed similar findings using human normal fibroblasts, liver, melanoma and XP cells. Since Wolffʼ s group reported that the activation of poly (ADP-ribose) polymerase (Wiencke et al. 1986) , which contributes to DNA repair, was required for the adaptive response, studies on DNA repair in adapted cells irradiated with low doses were soon reported. Findings that DNA repair activity was stimulated in these cells were obtained by analyzing DNA fragmentation and rejoining using pulsed field electrophoresis and a comet assays (Zhou et al., 1992; Wojewodska et al., 1995; Ikushima et al., 1996) . Thus, the adaptive response depended on the synthesis of proteins, most of which are involved in DNA damage responses, such as DNA repair enzymes (Szumiel, 1998) . Sister chromatid exchanges decreased in adapted cells, suggesting that either homologous recombination repair between sister chromatids is not being used, and nonhomologous end joining is being used instead, or errorprone homologous recombination repair is being used (Kadhim et al., 2004) . The latter might explain the increased complexity of mutations that were reported in Zhou et al. (2003) . In addition, the activation of PKC in adapted cells exposed to low doses was reported successively by Woloschack et al. (1990) , Liu (1992) and Ikushima (1992) . Sasaki et al. (1995) reported that the activation of PKC was required for radiation adaptive responses in murine m5S cells, and that the intracellular signal transduction pathway evoked by protein phosphorylation with PKC is a key step in signal transduction pathways induced by low dose irradiation. Furthermore, they demonstrated in cultured murine cells, that adaptive responses were mediated by a rapid and robust feedback in the signal transduction pathway involving the activation of PKC and p38MAPK with possible feedback via p38MAPK-associated PLC 1. A disruption of this pathway could be caused by the downregulation of a labile PKC protein at high doses, and p53 plays a pivotal role in channeling radiation-induced DNA double-strand breaks into a legitimate repair pathway (Shimizu et al. 1999 , Sasaki et al. 2002 . The accumulation of p53 which occurs after irradiation with high-dose rate radiation (1 Gy/min, 5 Gy) was strongly suppressed by a priming low-dose rate irradiation (0.001 Gy/min, 1.5 Gy) (Takahashi, 2001 ). This finding led to the proposal that repressed p53-dependent responses are one of the mechanisms involved in the radiation adaptive response. Furthermore, p53-dependent apoptosis after exposure to high-dose rate radiation was found to be suppressed by a priming low-dose irradiation in cultured cells in vitro and in the spleens of mice in vivo ). In addition, it was reported that there was no suppression of p53-dependent apoptosis after exposure a high-dose rate exposure after a priming lowdose exposure in spleens of SCID mice, suggesting that DNA-PK activity might play a major role in the radiation induced adaptive response following priming with a lowdose exposure (Takahashi et al., 2002) .
Recently, Khodarev et al. (2004) found that STAT1, a component of the cytokine IFN signaling pathway, were significantly up-regulated during acquired radioresistance, and were able to confer radioresistance when expressed in sensitive cells. Leskov et al. (2003) found that in human cultured cells in vitro and in mice in vivo, exposure to low non-toxic doses of radiation (0.02 -0.5 Gy) induced secretion of clusterin, leading to cytoprotective responses, suggesting a possible role for secreted clusterin in the adaptive response. On the other hand, other findings in vitro and in vivo have been reported for human lymphocytes in which Olivieri et al. (1984) have identified adaptive responses. Chen and Sakai (2004) found that apoptosis was accelerated by a priming exposure of 0.2 Gy 12 h prior to a challenge dose of 5 Gy in human leukemia MOLT-4 cells. Also, Joksic and Petrovic (2004) found that occupational exposure in vivo to low doses of radiation failed to induce adaptive responses in blood lymphocytes exposed to a challenge dose.
Radiation-induced bystander effect
The radiation-induced bystander effect was described 50 years ago
In examining the literature, a bystander effect induced in cell cultures exposed to radiation was initially described by Nagasawa and Little (1992) . An enhanced frequency of sister chromatid exchanges in 20 -40% of Chinese hamster ovary cells was observed in cultures exposed to radiation fluences in which only 0.1 -1% of the cell nuclei were actually traversed by an α-particle track. It would appear that the report by Nagasawa and Little (1992) was the first to describe the bystander effect, brought back the past important finding 50 years later. Their findings were subsequently confirmed by others using several other endpoints, such as sister chromatid exchange (Deshpande et al., 1996; Lehnert et al., 1997) , mutations (Zhou et al., 2000; Huo et al., 2001) , genetic instability (Lorimore et al., 1998) , micronucleus formation (Azzam et al., 2002) and apoptosis (Prise et al., 1998) using -particles. Until several years ago, it had been thought the radiation-induced bystander effect was found only in vitro and not in vivo, in contrast to radiation-induced adaptive response. Recently, however, radiation-induced bystander effects in vivo have been reported (Xue et al., 2002; Brooks, 2004; Kassis, 2004) . In addition, radiation-induced bystander effects were described in unirradiated cells co-cultivated with cells which had been irradiated with low-LET radiation, such as X-and -rays (Mothersill and Seymour, 1998) . Although these relatively recent reports are credited with describing the bystander effect, it should be remembered that irradiated feeder cells have been used for almost 50 years to stimulate the growth of co-cultivated, unirradiated cells in culture (Puck et al., 1956) , and other evidence for its existence may reside in the literature of the past 50 years.
Mechanisms of radiation-induced bystander effects
Although the mechanisms for radiation-induced bystander effects have not fully described, it can easily be speculated that intercellular signal transduction between irradiated cells (target cells) and unirradiated cells (bystander cells) could play a major role in this effect. Already four models for intercellular signaling pathways capable of producing the radiation-induced bystander effect have been proposed: Certain bystander signals from an irradiated cell can be transmitted to unirradiated cells (a) through gap-junction intercellular communication (Zhou et al., 2000; Azzam et al., 1998; Bishayee et al., 1999; Azzam et al., 2001) ; (b) through interactions between ligands and their specific receptors (Albanese and Dainiak, 2000) ; (c) through interaction between the secreted factors and their specific receptors (Azzam et al., 1998; Narayanan et al., 1999; Iyer and Lehnert, 2000; Barcellos-Hoff and Brooks, 2001 ); (d) directly through plasma membranes (Narayanan et al., 1997; Matsumoto et al., 1999a; Matsumoto et al., 1999b; Matsumoto et al., 2000; Matsumoto et al., 2001; Shao et al., 2001; Shao et al., 2002) . Models (a) and (b) assume that the irradiated and unirradiated cells are neighbors. Some of these models are described by M. Suzuki in this volume (Chapter 7). Models (c) and (d) assume irradiated and unirradiated cells to be nonadjacent, and possibly distant from each other, and that the bystander tranmission factors must be soluble elements secreted from the irradiated cells. Mothersill and Seymour (1998) demonstrated that exposure to conditioned medium obtained from -irradiated cells (0.5 Gy) reduced the survival of unirradiated cells in normal human keratinocytes, and that the ability of conditioned medium to transmit this effect declined after heating at 70˚C, or to temperatures of 0˚C, suggesting the bystander factors present in conditioned medium could be physiologically active substances such as proteins. Lehnert and his colleagues reported a possibility that the bystander factors were reactive oxygen species (ROS), IL-8 or TGF-1, which are secreted from cells irradiated with 0.084 Gy of -particles in normal human lung fibroblast cultures (Narayanan et al., 1997; Narayanan et al., 1999; Lehnert et al., 1997; Iyer and Lehnert, 2000) . Barcellos-Hoff and Brooks (2001) demonstrated that TGF-1 is one of the soluble bystander factors secreted from target cells. TGF-superfamily members are involved in a great variety of biological processes, ranging from embryo development to neoplastic transformation (Derynck et al., 2001; Hill, 2001) . TGF-1 signaling pathways are activated by ligand binding to cell-surface TGF-receptor type II (T RII), and by the subsequent association and phosphorylation of the TGFreceptor I (T RI). Recent reports indicate that ionizing radiation induces TGF-1 (Ewan et al., 2002; Martin et al., 1997) , and that exposure of cells to TGF-1 can elicit ROS production (Iyer and Lehnert, 2000; Narayanan et al., 1997) . Thus, irradiated cells produce and secrete TGF-1, which in turn, affects neighboring or distant unirradiated cells. It has also been demonstrated that nitric oxide (NO) is an initiator/mediator of radiationand heat shock-induced bystander effects (Matsumoto et al., 1999a; Matsumoto et al., 1999b; Matsumoto et al., 2000; Matsumoto et al., 2001; Shao et al., 2002) .
Radiation-induced, nitric oxide-mediated bystander effects
p53 transcriptionally represses inducible nitric oxide synthase (iNOS) expression
The p53 tumor suppressor protein plays a major role in cellular responses to radiation exposure, including coordination of both cell cycle checkpoints and apoptotic pathways. In response to cellular stresses, such as ionizing radiation, UV, hypoxia, heat shock, oxidative stress, inhibition of microtubules, and nucleotide depletion, p53 protein levels are rapidly stabilized by means of phosphorylation and/or acetylation, and accumulate in the nucleus (Brooks and Gu, 2003) . p53 transactivation then stimulates the expression of several genes, including p21, gadd45 and bax, resulting in cell cycle arrest, DNA repair, and/or apoptosis (Fei and ElDeiry, 2003) .
Considering the prominent role of p53 in cellular responses to radiation, the relationship between p53 and iNOS expression was examined. Using RT-PCR, it was confirmed that p53 acted as a transcriptional repressor of the iNOS gene (Matsumoto et al., unpublished data) , as described by Forrester et al. (1996) . Using cells which were genetically identical except for their p53 gene status, it was demonstrated that the induction of iNOS protein was strongly attenuated in cells expressing functional p53 protein after irradiation (Matsumoto et al., 2000; Matsumoto et al., 2001 ). Several possible m e c h a n i s m s o f i N O S s u p p r e s s i o n b y p 5 3 w e r e suggested: (a) prevention of the binding of specific transcriptional factors required for induction (Lee et al., 1999) ; (b) binding and sequestration of transcriptional factors required for iNOS gene up-regulation (Kanaya et al., 2000) ; (c) association with the TATA binding protein (TBP) to disrupt formation of the TFIID complex (Martin et al., 1993) ; (d) transcriptional repression of the iNOS promoter via a recently proposed DNA binding sequence for p53 (Johnson et al., 2001) . Collectively, these findings suggest the possibility that NO secreted from irradiated p53-deficient or p53-mutated cells may affect cell growth or cell death in neighboring or distant unirradiated cells.
NO leads to the accumulation of stress-response proteins in bystander cells
NO is generated endogenously from L-arginine by NO synthase (NOS) isoenzymes (Nathan 1992) . Among these enzymes, calcium-independent inducible NOS (iNOS or NOS2) is expressed in many types of mammalian cells after exposure to numerous inducers (MacNaul et al., 1993; Malyshev et al., 1995; Melillo et al., 1995) . iNOS can produce sustained high concentrations of NO after its induction. High concentrations of NO and its reaction products have been shown to cause DNA damage and to be mutagenic (Wink et al., 1991; Nguyen et al., 1992) . On the other hand, NO is an important modulator involved in the immune responses, neurotransmission and vasodilatation (Moncada et al., 1991) . However, NO action has the unique property of being concentration dependent. NO can lead to cell killing by causing DNA damage at high concentrations, but may have the opposite effect and protect against apoptosis at lower concentrations (Brüne et al., 1998) . Thus, NO is either cytotoxic or a cytoprotective depending on the cell type and the experimental conditions.
In consideration of these characteristics of NO, the accumulation of p53 and Hsp70 were examined in unirradiated wild-type p53 cells, after either cocultivation with irradiated p53-mutated cells, or after exposure to conditioned medium from irradiated p53-mutated cells . The stressresponse proteins Hsp70 and p53 were found to accumulate in unirradiated wild-type p53 cells cocultivated with p53-mutated cells which had be exposed to 5 of X-rays. The accumulation of these proteins was completely abolished by the addition of 0.1 mM aminoguanidine (an inhibitor of iNOS) to the medium. The levels of Hsp70 and p53 in unirradiated wildtype p53 cells increased after exposure to conditioned medium from p53-mutated cells cultured for 10 h after irradiation with 5 Gy of X-rays, and the accumulation of these proteins was inhibited by the addition of c-PTIO (an NO scavenger) to the medium in a dose-dependent manner. These findings indicate that NO produced by accumulated iNOS in irradiated p53-mutated donor cells is secreted into the medium, acts as an initiator and/or mediator of intercellular signal transduction, and induces the accumulation of Hsp70 and p53 in unirradiated NO recipient wild-type p53 cells, without direct cell-to-cell contact such as gap junctions. 
Acquisition of radioresistance in unirradiated cells after exposure to NO
The radiosensitivity of wild-type p53 cells was examined after exposure to conditioned medium from irradiated p53-mutated cells . Wild-type p53 cells cultured in conditioned medium from p53-mutated cells grown for 10 h after irradiation with 5 Gy of X-rays were more radioresistant than those grown in fresh growth medium or in conditioned medium from p53-mutated cells cultured for 10 h without irradiation. These results indicate that NO secreted from irradiated p53-mutated donor cells can induce radioresistance in unirradiated NO recipient wild-type p53 cells through intercellular signal transduction. Iyer and Lehnert (2002a) demonstrated that when compared to directly irradiated cells grown in fresh medium, cells grown in conditioned medium from normal human lung fibroblast cells exposed to low-dose -particles, displayed an increased clonogenic survival after subsequent exposures to 0.1 and 0.19 Gy of -particles. Increases in protein levels of APendonucleases were also found in the bystander cells, but not in directly irradiated cells. Similar results were found using -rays (Iyer and Lehnert, 2002b) .
Contribution of the radiation-induced bystander effects to the adaptive response
Radiation-induced adaptive responses were assumed to be found only when cells were exposed a priming event such as low LET radiation, but not after exposure to high-LET radiation. Also, a population of cells exposed to a low radiation priming dose is used as an experimental culture for radiation adaptive responses. In these experiments, when cell populations have been exposed to low doses of radiation, it is likely that there are cells which have been traversed by radiation and also cells which have escaped direct irradiation. Most of radiation-induced bystander effects reported till now use deleterious endpoints for cells, and are events such as sister chromatid exchanges, chromosomal instability, mutations, and apoptosis, but the radiationinduced adaptive response studies focus on cell survival. Radiation-induced bystander effects have been found after exposure to both low-and high-LET radiation. Thus, it has been thought that the radiation-induced adaptive response and the bystander effect were not related to each other. Recently, however, Iyer and Lehnert (2002a) demonstrated that the radiation adaptive response was induced after exposure to a low priming dose of α-particles. It has also been demonstrated in cultured cell lines that acquisition of radioresistance was induced by the bystander effect, indicating that the radiation-induced bystander effect is not only detrimental to non-irradiated cells in a population, but could also be an advantageous phenomena for cells, depending on the cell type and experimental conditions used (Matsumoto et al., 2000; Matsumoto et al., 2001; Iyer and Lehnert, 2002a; Iyer and Lehnert, 2002b) (Fig. 1) . These findings thus clearly demonstrated a link between the radiation-induced adaptive response and the bystander effect. Recently, it was reported that accumulation of iNOS in wild-type p53 cells was induced by chronic irradiation with γ-rays followed by an acute irradiation with X-rays, but not by either treatment alone, resulting in an increase in nitrite concentrations in the medium (Matsumoto et al., unpublished data) . It has been suggested that the accumulation of iNOS may be due to the depression of acute irradiation-induced p53 functions by the chronic irradiation prior to the acute irradiation (Takahashi, 2001 ). In addition, it has been reported that the radiosensitivity of wild-type p53 cells in response to an acute X-irradiation was reduced after chronic irradiation with γ-rays. This reduction of radiosensitivity of wild-type p53 cells was nearly completely suppressed by the addition of the NO scavenger, carboxy-PTIO to the medium (Matsumoto et al., unpublished data) . Collectively, these findings suggest that the reduction of radiosensitivity of wild-type p53 cells by a radiationinduced, NO-mediated, bystander effect may actually be a radiation-induced adaptive response, and a NOmediated bystander effect may contribute to the adaptive response induced by radiation (Fig. 2) .
Are the radiation-induced adaptive response and the bystander effect beneficial to cells, tissues and organisms?
Although further experimental evidence is required, reports in the literature and results reported from his laboratory have detailed many characteristics, both physiological and mechanistic, of the cellular radiation response and iNOS protein regulation after irradiation, and these results allow us to hypothesize a role for NO produced by the iNOS protein in the radiation-induced bystander effect, adaptive response, and genomic instability.
Currently, it is still unclear whether the radiation- 
Adaptive responses
Bystander effects induced adaptive response and the bystander effects are beneficial or not. However, the understanding of these two phenomena is very relevant to the understanding of the cancer risks associated with environmental and occupational radiation exposures. Furthermore, long-term manned exploratory space missions are being planned for the future. Exposure to high-energy neutrons, protons and heavy ion particles during a deep space mission will require radiation protection during these missions. If the mechanisms of the radiation-induced adaptive response and the bystander effect were understood, it might become possible to select astronauts with the highest adaptive response capabilities, and possibly also to induce an adaptive response in potential mission crews (Mortazavi et al., 2003 
